Introduction
Vacuum freeze-drying has been considered the best dehydration process for thermolabile products because it reduces nutritional and sensorial degradation. As water is removed from a pre-frozen product, a porous structure is formed, which results in a dehydrated product that has better properties when rehydrated. 1 This technique springs up rapidly along with the development of refrigeration, vacuum, biology, electronics and therefore it belongs to a multi-subject synthetically utilizing technology. 2 The vacuum freeze-drying technique is applied to food industry, biology pharmacy industry, medical treatment industry and health care product industry. 3 The material with vacuum freeze-drying technique may not only keep the intrinsic colour, scent, flavour, shape, but also keep the biochemical characteristics, pharmacological properties by the greatest extent. 4, 5 However, as for most farm products and by-products such as meat, paultry, eggs, aquatic products, vegetables, melon and fruit, the technical parameters have less influence on the quality, while for vaccine, the technical parameters are very important for the quality. 6 Improper technical parameters will debase the biological activities and immune function.
However, the vacuum freeze-drying technique is a time-consuming and relatively costly, as well as complex process, 7 especially for the control of technical parameters which are crucial for the quality of the product. All this limits its use to products with high added value. It is important to find a method for the balance of productivity and quality.
In this paper, a vacuum freeze-drying machine was developed jointly by the authors and Nanjing Pharmaceuticals and Instruments Factory. The control system was also programmed to provide a universal method for optimizing vacuum freeze-drying process parameters. A method of quadratic orthogonal with multiple regression models to optimize technical parameters is advanced. The material and the devise both originate from Nanjing Pharmaceuticals and Instruments Factory. Its products include avian influenza vaccine, porcine blue-ear disease vaccine, foot-and-mouth disease vaccine and vacuum freeze-drying machine. The material used in this paper is avian influenza vaccine and the machine used has ten square metres.
Experimental Setup and Vacuum Freeze-Drying Process
It's important for the vacuum freeze-drying technique to judge the end-point of sublimation. Sublimation is the main dehydrofreezing phase. If the sublimation is inadequate, there will be too much residual ice and the heating will cause eutectic melting which will result in the failure of freeze-drying. On the other hand, if the sublimation is excessive, the heating will raise the temperature of the material instead of sublimation, which will result in disintegration and debasing of the biological activities of the material. In addition, more time consumed for sublimation will reduce the productivity.
It is important to find proper parameters for the whole vacuum freeze-drying process, especially for the sublimation phase. The most important parameters are temperature, vacuum, and sublimation duration. In order to obtain good parameters, the vacuum freeze-drying procedure is analysed and the control system according to the process for the vacuum freeze-drying machine is set up.
A Method for Optimizing Technical Parameters of the Vacuum Freeze-Drying Process
Vacuum freeze-drying is a technique that makes a material dehydrate at low temperature and low pressure, and it has many merits. A control system is designed and developed based on a certain area freeze-drying machine. A test by the control system is done to optimize the freeze-drying technical parameters. According to the test results, by the method of quadratic orthogonal experiment, the key parameters, including duration, temperature and vacuum of freeze-drying, are analysed and optimized. The test proves the optimized parameters valid for certain vacuum freeze-drying machines and certain bacterins. Furthermore, the optimized parameters show that the vacuum freeze-drying method is useful for any area vacuum freeze-drying machine and any bacterin. Fig. 1 shows a sketch of the experimental device used to perform the vacuum freeze-drying process. The device includes dryer, cold trap, three compressors, vacuum pump, roots pump, circulation pump, heater, heat exchangers and server valves which are used to do the logical control.
The control system of the machine, as shown in Fig. 2 , requires a computer for data storage, calculation and printing, a programmable logic controller (PLC) for logical control, and a data acquisition card (DAQ card) connected with some sensors for temperature and vacuum monitoring in the dryer and cold trap. According to the temperature and vacuum, the control system could judge the end-point of sublimation and measure the residual water content. Then the control system sends the logical commands to the PLC to control all valves and pumps to start or stop in order to obtain optimized technical parameters for the vacuum freeze-drying process. The whole process is as follows: c) Start vacuum pump when cold trap temperature equals initialization and turn on two valves in the following order, the one between vacuum pump and cold trap, and the other between cold trap and dryer. Then start roots pump as the vacuum is equal to initialization. d) Sublimation process. There are some requirements that must be meet in order to begin sublimation, including the temperature and vacuum in the dryer and cold trap, and the duration of maintaining temperature and vacuum. The heater will start when the temperature and vacuum, which could be inspected by sensors, are equal to the initialization. During the process, the heater and compressors will start or stop according to the temperature change, and the valves will be turned on/off to adjust the vacuum. During the sublimation process, if the temperature and vacuum in the dryer and cold trap are correspondingly constant, the control system could decide the end-point of sublimation as the duration of sublimation is due.
e) Termination of freeze-drying is determined by the content of residual water. The basic principle is to turn off the valve between the dryer and cold trap and inspect the vacuum in the dryer, as
where Δt is an interval, Δp is the dryer pressure change, and V c is a preset value. If the Δp ⁄ Δt does not exceeds V c , freeze-drying finishes, otherwise turn on the valve and continue step d) until the requirement of Eq. 1 is met. 
Vacuum Freeze-Drying Process Parameters Optimizing
During the vacuum freeze-drying process, we should set up some technical parameters in order to improve the productivity and keep biochemical characteristics and pharmacological property of the animal vaccine. From the process mentioned above, there are three important technical parameters for the vacuum freeze-drying process, including temperature and vacuum in dryer and duration of sublimation process to maintain the temperature and vacuum. These three key technical parameters are not only decided by the material, but also by the surface area of the freeze-drying machine. In the experiment, the machine is given and the surface area of the machine is constant at ten square meters. Quadratic orthogonal method with three factors is used to optimize the three key technical parameters and to analyse the influence on the material quality.
The grade and value for the experiment parameters are shown in Table 1 . The quality of the material to be frozen and dried will be divided in five ranks, which are excellent (5), good (4), medium (3), passing (2) and poor (1) . As far as the quality is concerned, this paper only focuses on the result instead of the inspection process and evaluation standard of the material.
The result of the experiment is shown in Table 2 . In the experiment, there are three technical parameters with three grades respectively. By orthogonal table, only nine (rather than 27) experiments were conducted. From the Table 2 , as long as the freeze-drying temperature, vacuum and duration of sublimation process are in the permitted range, the quality of the vaccine is always under control. But in order to obtain higher quality, a multiple regression model is set up. All data in Table 2 are saved in Excel and by using the software SPSS for multiple regression model, the regression model for quality with freeze-drying temperature, vacuum and duration is as Eq. 2.
where x 1 is for freeze-drying temperature, x 2 is for vacuum and x 3 is for duration of freeze-drying. Their value ranges are: −70 < x 1 < −50 0 < x 2 < 2 25 < x 3 < 35
The multiple regression model mentioned above is used to obtain the extreme points which are the optimized parameters. From the optimization theory of operational research, if ΔY(X) = 0 and for any X( By using these technical parameters to conduct three more experiments with the same material and vacuum freeze-drying machine, the quality of the final production was good enough. It proves that the method for optimizing the technical parameters of vacuum freeze-drying is valid. Furthermore, experiments with other materials such as porcine blue-ear disease vaccine, foot-and-mouth disease vaccine, rabies vaccine still validate the method.
Conclusion
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